Introduction
============

Leaf senescence, the final stage of leaf development, is a genetically regulated, highly ordered process by which plants mobilize and recycle nutrients from leaves to other plant parts, such as seeds, storage organs, or developing leaves and flowers ([@B24]). Chlorophyll degradation is the first visible symptom of senescence, and chloroplast membrane degradation, which parallels a loss in photosynthetic activity, was shown to occur before degradation of the membranes of other organelles ([@B40]). Chloroplast membranes, especially the plastidic membrane, are believed to be highly vulnerable to heat-stress-associated damage ([@B40]; [@B38]), and the damage of these membranes is an event that occurs at an early stage during leaf senescence ([@B15]). The plastidic membrane consists mainly of four lipids: monogalactosyl diglyceride (MGDG), digalactosyl diglyceride (DGDG), phosphatidylglycerol (PG), and sulfoquinovosyl diacylglycerol (SQDG; [@B8]), with MGDG and DGDG comprising 70--80% of the plastidic lipid matrix associated with photosynthetic membranes. The cytosolic leaflet of the outer envelope membrane also contains a few phosphatidylcholine (PC; [@B8]).

Membranes of extraplastidic organelles mainly consist of phospholipids, and only a fraction of the extraplastidic membranes contain very small amount DGDG ([@B8]). The degradation of phospholipids is mediated by several enzyme cascades initiated by various phospholipases, including phospholipases A, C, and D. Phospholipase D (PLD) hydrolyzes phospholipids into phosphatidic acid (PA) and head group, and it has 12 members in *Arabidopsis* ([@B29]). The suppression of major PLD, PLDα1, retards abscisic acid (ABA)- or ethylene-promoted senescence ([@B12]). Phospholipid Dδ (PLDδ), one of most abundant PLDs, has several properties that distinguish it from other PLDs ([@B37]). PLDδ is activated by oleic acid and is tightly associated with the plasma membrane and microtubule (MT) cytoskeleton ([@B13]; [@B9]; [@B41]). Analyses of PLDδ-altered *Arabidopsis* suggest that PLDδ positively regulates plant tolerance to stresses such as freezing ([@B22], [@B23]) and ultraviolet irradiation ([@B42]). Our previous study found that the suppression of PLDδ retards ABA-promoted senescence through attenuating PA production ([@B19]). However, whether PLDδ functions in ethylene-promoted senescence is unknown so far.

Ethylene is considered to be a major hormonal regulator of senescence in most plant organs, including leaf, cotyledon, and petal ([@B14]). It promotes senescence through the enhancement of various lipid catabolic processes ([@B1]), and then the lipid metabolism enhances senescence through the regulation of ethylene production and/or action ([@B16]). It is noted that the ethylene-mediated increase in membrane permeability in senescing *Tradescantia* correlated temporally with a reduction in the tissue levels of phospholipids ([@B33]). The decline of phospholipid content is shown to result in the loss of membrane integrity and physical changes in plant membrane lipids during senescence, which greatly increased the permeability of lipid bilayers ([@B38]; [@B6]). Given that PLDδ is one of major lipolytic enzymes, whether it has a role in the lipid changes during ethylene promoted senescence remains to test.

In the present study, we compared the ethylene-promoted leaf senescence between Wassilewskija (WS) ecotype and PLDδ-knockout mutant *Arabidopsis* and found that suppression of PLDδ retarded ethylene-promoted senescence. Profiling the changes of molecular lipid species by using electrospray ionization tandem mass spectrometry (ESI-MS/MS) in WS and PLDδ-KO detached leaves revealed how lipid changes and provided insight into the function of PLDδ in ethylene-promoted senescence.

Materials and Methods {#s1}
=====================

Plant Materials, Growth Conditions, and Hormone Treatments
----------------------------------------------------------

A PLDδ-knockout mutant was previously isolated from *Arabidopsis* Wassilewskija ecotype (WS). The loss of PLDδ was confirmed by the absence of its transcript, protein and activity ([@B23]).

Two *Arabidopsis* genotypes were grown in water in a controlled growth chamber at 23°C (day) and 19°C (night) and 60% relative humidity under a 12 h photoperiod, with fluorescent lighting at 120 μmol m^-2^ sec^-1^. Fully expanded leaves of the same age were collected from approximately 6-week-old plants of the two genotypes of *Arabidopsis*; the detached leaves were rinsed briefly with sterile water and placed with the adaxial side up in Petri dishes containing 50 μM ethephon (Sigma, C0143). We chose ethephon rather than ethylene for incubation of the detached leaves because it is easier to control, but has an identical effect on the detached leaves. The leaves were incubated at 23°C under a 12 h photoperiod and light at 120 μmol m^-2^ sec^-1^.

Measurements of Chlorophyll Content, Photosynthetic Activity and Cell Death
---------------------------------------------------------------------------

Chlorophyll was extracted incubation of leaves after incubation with ethephon in, 80% acetone. Chlorophyll content was determined spectrophotometrically at 663 and 646 nm as described previously ([@B7]). Chlorophyll fluorescence was analyzed using an imaging chlorophyll fluorometer, MAXI-Imaging Pulse-Amplitude (PAM; Walz, Germany; [@B3]). The maximal quantum yield of photosystem II (PS II; *F*~v~/*F*~m~) photochemistry was measured after adaptation to complete darkness for 20 min.

Cell death, indicated by loss of plasma membrane integrity, was quantified spectrophotometrically by Evans blue staining of detached leaves, using a previously described method with minor modifications ([@B30]). Briefly, detached leaves were incubated with 0.1% (w/v) Evans blue for 2 h with shaking, and then washed extensively to remove unbound dye. The leaves were ground into powder in liquid nitrogen. The tissue powder was incubated with 50% (v/v) methanol and 1% (w/v) SDS at 60°C for 30 min, and then centrifuged. For a control measurement of 100% cell death, the leaves were heated at 100°C for 5 min. Absorbance was measured at 600 nm.

Lipid Extraction and Analysis
-----------------------------

The processes of lipid extraction, ESI-MS/MS analysis and quantification were performed in accordance with a protocol from [@B39]. Data processing was performed as previously described. The lipids in each class were quantified by comparison with two internal standards of the class. Five replicates of each treatment for each genotype were analyzed. The *Q* test was performed on the total amount of lipid in each head-group class, and data from discordant samples was removed ([@B8]).

Data Analysis
-------------

Statistical analysis was performed using Origin 7.0 (Origin Lab Corporation, Northampton, MA, USA). For all quantitative measurements in this study, five replicates from each sampling time were analyzed. The data were subjected to one-way ANOVA analysis (duncan's multiple range test) of variance with SPSS 16.0.

Results
=======

Suppression of PLDδ Retarded Ethylene-promoted Senescence
---------------------------------------------------------

Leaves detached from WS plants started yellowing 1 day after treatment and turned almost completely yellow 5 days after incubation in 50 μM ethephon under light. In contrast, most parts of the PLDδ-KO leaves were still green after the 5-day ethylene treatment, which indicated a much slower senescence process in the PLDδ-deficient leaves (**Figure [1A](#F1){ref-type="fig"}**, top). Consistent with the visible yellowing, the photochemical quantum efficiency of the photosystem II (PS II) reaction center (*F*~v~/*F*~m~) in ethylene-treated leaves was much lower in WS plants than in PLDδ-KO mutants (**Figure [1A](#F1){ref-type="fig"}**, bottom). Measurements of chlorophyll content showed that chlorophyll was lost more quickly from WS leaves, diminishing by 37% after 5 days, whereas PLDδ-KO mutant leaves lost just 20% of their chlorophyll content upon treatment with ethylene (**Figure [1B](#F1){ref-type="fig"}**, top). Data on cell viability showed that the rate of cell death was significantly higher in the WS leaves during the ethylene-promoted senescence process, as measured by Evans blue staining (**Figure [1B](#F1){ref-type="fig"}**, bottom). These results indicate that the suppression of PLDδ retarded, to some extent, ethylene-promoted senescence.

![**Retardation of abscisic acid (ABA)-promoted senescence was compared between wassilewskija (WS) and PLDδ-KO detached leaves.** Leaves detached from WS and PLDδ-KO plants were treated with sterile 50 μM ethephon for 5 days. **(A)** Yellow coloration (left) or low *F*v/*F*m values for variable fluorescence (right) indicated senescence. The color bar on the bottom indicates *F*v/*F*m values. **(B)** Chlorophyll content (top) and cell death rate (bottom) of leaves from WS and PLDδ-KO plants. FW, fresh weight. Values are means ± SD (*n* = 5). Values with different letters are significantly different (*p* \< 0.05). Annotation: data of "\#" column is from [@B19].](fpls-06-01045-g001){#F1}

Large Changes in Lipid Profiles Occurred during Ethylene-promoted Senescence
----------------------------------------------------------------------------

Metabolism of membrane lipids is one of several biochemical manifestations of cellular senescence ([@B35]). Since the above results suggest that PLDδ is involved in ethylene-promoted senescence, combined with the participation of PLDδ in the metabolism of membrane lipids, we performed ESI-MS/MS analysis to determine whether the degradation of membrane lipids is affected by the suppression of PLDδ during ethylene-promoted senescence. ESI-MS/MS allowed the identification of alterations in \>120 diverse polar glycerolipids, including six head-group classes of phospholipids \[PC, phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS), PA, and PG\] and two head-group classes of galactolipids (MGDG and DGDG; **Table [1](#T1){ref-type="table"}**). Each molecular species was identified in terms of the total numbers of acyl carbon atoms and double bonds ([@B39]).

###### 

Total lipids in leaves of Wassilewskija (WS) and PLDδ-KO plants during ethylene-promoted senescence.

  Lipids         Genotypes   Lipids/dry weight (nmol/mg)             RC (%)                                          
  -------------- ----------- --------------------------------------- ------------------- ------------------- ------- -------
  PG             WS          12.86 ± 1.89^a^                         10.82 ± 2.92^a^     2.14 ± 0.72^c^      \-      -83.4
                 PLDδ-KO     12.67 ± 4.97^a^                         6.73 ± 1.51^b^      4.56 ± 1.76^b^      -46.9   -64.0
  PC             WS          16.73 ± 1.56^a^                         17.97 ± 6.90^a^     9.25 ± 2.52^b^      \-      -44.7
                 PLDδ-KO     15.21 ± 4.66ˆab                         13.82 ± 3.36ˆab     10.93 ± 2.00ˆab     \-      \-
  PE             WS          9.86 ± 1.09^a^                          8.53 ± 3.27ˆab      5.28 ± 1.85ˆbc      \-      -46.5
                 PLDδ-KO     9.17 ± 2.81^a^                          6.43 ± 1.67ˆab      5.13 ± 1.43^c^      \-      -44.1
  PI             WS          2.38 ± 0.56ˆab                          2.90 ± 0.80^a^      1.62 ± 0.87^b^      \-      
                 PLDδ-KO     2.55 ± 0.52ˆab                          3.14 ± 1.00^a^      2.05 ± 0.53ˆab      \-      \-
  PA             WS          0.07 ± 0.05^a^                          0.10 ± 0.01^a^      0.07 ± 0.03^a^      \-      \-
                 PLDδ-KO     0.09 ± 0.06^a^                          0.09 ± 0.02^a^      0.08 ± 0.02^a^      \-      \-
  PS             WS          0.35 ± 0.06^a^                          0.12 ± 0.11^b^      0.33 ± 0.22ˆab      -65.7   \-
                 PLDδ-KO     0.20 ± 0.06ˆab                          0.14 ± 0.07^b^      0.36 ± 0.08^a^      \-      \-
  MGDG           WS          235.55 ± 17.65^a^                       175.83 ± 19.04^b^   76.69 ± 16.18^d^    -25.4   -67.4
                 PLDδ-KO     217.78 ± 25.85^a^                       187.69 ± 43.08^b^   103.67 ± 13.18^c^   -13.8   -52.4
  DGDG           WS          31.73 ± 4.78^a^                         25.22 ± 2.07^c^     14.80 ± 1.25^e^     -20.5   -53.4
                 PLDδ-KO     31.85 ± 6.85^a^                         28.07 ± 1.83^b^     16.43 ± 1.59^d^     -11.9   -48.4
                                                                                                                     
                             **Total lipids/dry weight (nmol/mg)**                                                   
                                                                                                                     
  Total lipids   WS          302.20 ± 28.25^a^                       249.05 ± 8.51^b^    94.53 ± 4.60^d^     -17.6   -68.7
                 PLDδ-KO     283.52 ± 38.85^a^                       252.81 ± 4.85ˆab    139.84 ± 4.99^c^    \-      -50.7

The relative change (RC) in the levels of lipids from days 0 to 3 and 5 is the percentage value for the significant difference between the values at day 0 and days 3 and 5 over the value at day 0. Values in the same lipid molecular species with different letters are significantly different (p \< 0.05). Values are means ± SD (n = 5). Annotation: data of "\#" column is from

Jia et al. (2013)

.

As an overview, most lipid species changed dramatically in terms of both their level (absolute value; **Figure [2](#F2){ref-type="fig"}**, left) and the composition (relative value; **Figure [2](#F2){ref-type="fig"}**, right) during ethylene-promoted senescence in the leaves of both genotypes of *Arabidopsis*. The levels of most lipids declined in both WS and PLDδ-KO leaves, although there were some differences in the profiles of membrane lipids between plants of the two genotypes during ethylene-promoted senescence (**Figure [2](#F2){ref-type="fig"}**). Clustering of the lipid contents of leaves in ethylene-promoted senescence suggested that the ethylene treatment was the main factor inducing the degradation of membrane lipids. The differences between WS and PLDδ-KO leaves subjected to ethylene treatment were greater than those between WS and PLDδ-KO leaves without such treatment (**Figure [2](#F2){ref-type="fig"}**). These results suggest that ethylene treatment affected lipid degradation, and that PLDδ participated in this lipid degradation during ethylene-promoted senescence.

![**Hierarchical clustering analysis of lipid molecular species during ethylene-promoted senescence.** Absolute (nmol/mg dry weight) **(left)** and relative levels (mol%) of lipid molecular species **(right)**. The color of each bar represents the abundance of the corresponding lipid species. Expression is shown as the relative change from the mean center of each lipid species. Lipid species in the indicated lipid classes were organized using class (as indicated), total acyl carbons (in ascending order within a class), and total double bonds (in ascending order within a class and number of total acyl carbons). Annotation: data of "\#" column is from [@B19].](fpls-06-01045-g002){#F2}

The Degradation of Plastidic Lipids Occurred before that of Extraplastidic Lipids during Ethylene-promoted Senescence
---------------------------------------------------------------------------------------------------------------------

During ethylene-promoted senescence in WS leaves, the levels of leaf membrane lipids decreased significantly (**Table [1](#T1){ref-type="table"}**). After ethylene treatment for 5 days, we found that the level of total lipids decreased by 68.7%, from 302.20 nmol/mg (non-senescent leaves, NS) to 94.53 nmol/mg (leaves treated with ethylene for 5 days). The levels of PG, PC, PE, DGDG, and MGDG all decreased significantly, but the abundances of PA, PI, and PS remained unchanged. As shown in **Table [1](#T1){ref-type="table"}**, after ethylene-promoted senescence for 3 days, the levels of MGDG and DGDG, two main classes of plastidic lipid, decreased significantly compared with those in untreated leaves, whereas the levels of the main extraplastidic lipids (PC and PE) decreased significantly only after ethylene treatment for 5 days. These findings imply that plastidic lipids might be degraded before extraplastidic lipids.

To compare lipid degradation between plastidic and extraplastidic membranes further, the changes in the levels of molecular species of PG were analyzed. In *Arabidopsis*, PG includes four molecular species, namely, PG 34:1 (total carbon number:double bond number), 34:2, 34:3, and 34:4 ([@B39]). PG 34:4, which contains a 16:1 acyl chain at the *sn*-2 position, is part of the plastidic membrane, whereas both PG 34:1 and 34:2 are extraplastidic lipids. Of the two molecules that correspond to PG 34:3, one contains a 16:1 acyl chain which is part of the plastidic membrane, whereas the other is extraplastidic ([@B25]). During ethylene-promoted senescence in WS leaves, the level of PG 34:4 had decreased by 33.2% at day 3, whereas the levels of the other three PG molecular species, PG 34:3, 34:2, and 34:1, showed no significant decline after ethylene treatment for 3 days (**Table [2](#T2){ref-type="table"}**). These results indicate that the degradation of plastidic membrane lipids occurred before that of extraplastidic lipids during ethylene-promoted senescence.

###### 

Levels of PG molecular species in leaves of WS and PLDδ-KO plants during ethylene-promoted senescence.

  PG     Genotypes   Lipids/dry weight (ng/mg)   RC (%)                                    
  ------ ----------- --------------------------- ---------------- ---------------- ------- -------
  34:1   WS          0.65 ± 0.19^a^              0.37 ± 0.32ˆab   0.05 ± 0.06^b^           -91.7
         PLDδ-KO     0.69 ± 0.33^a^              0.42 ± 0.49ˆab   0.10 ± 0.14^b^           -86.0
  34:2   WS          0.98 ± 0.32^a^              0.57 ± 0.36^a^   0.18 ± 0.19^b^           -81.4
         PLDδ-KO     0.93 ± 0.15^a^              0.76 ± 0.41^a^   0.24 ± 0.12^b^           -74.3
  34:3   WS          2.80 ± 0.17^a^              2.69 ± 0.23^a^   0.79 ± 0.27^c^           -71.9
         PLDδ-KO     3.07 ± 0.47^a^              2.97 ± 0.01^a^   1.19 ± 0.13^b^           -61.2
  34:4   WS          8.18 ± 1.56^a^              5.46 ± 1.37^b^   1.35 ± 0.62^c^   -33.3   -83.6
         PLDδ-KO     7.84 ± 1.67^a^              4.66 ± 1.90^b^   2.79 ± 1.20^b^   -40.5   -64.4

The RC in lipids from day 0 to day 5 is the percentage value for the significant difference between the values at day 0 and day 3 and 5 over the value at day 0. Values in the same lipid molecular species with different letters are significantly different (p \< 0.05). Values are means ± SD (n = 5). Annotation: data of "\#" column is from

Jia et al. (2013)

.

Suppression of PLDδ Attenuated the Decrease in Levels of Plastidic Lipids during Ethylene-promoted Senescence
-------------------------------------------------------------------------------------------------------------

During ethylene-promoted senescence, the amount of total lipids declined by 50.7% in PLDδ-KO plants (**Table [1](#T1){ref-type="table"}**). Most of this decrease could be attributed to a decrease in plastidic lipids. For example, the level of MGDG in PLDδ-KO leaves decreased by 52.4% (from 217.78 to 103.67 nmol/mg), the level of DGDG decreased by 48.4% (from 31.85 to 16.43 nmol/mg), and the level of PG decreased by 64.0% (from 12.67 to 4.56 nmol/mg). The levels of both total lipids and the main plastidic lipids (MGDG, DGDG) were significantly higher in PLDδ-KO leaves than in WS leaves, whereas no differences in the levels of PC, PE, PI, PA, and PS were detected between the plants with different genotypes (**Table [1](#T1){ref-type="table"}**). Upon further analysis of the content of molecular species of each membrane lipid, we found that the contents of molecular species MGDG 34:2, 34:5, 34:6, and 36:6 as well as DGDG 36:6 in PLDδ-KO detached leaves were much higher than that in WS detached leaves (**Table [3](#T3){ref-type="table"}**). Furthermore, the levels of the plastidic lipids PG 34:4 and 34:3 were higher in PLDδ-KO leaves than that in WS leaves. The extraplastidic lipids PG 34:2 and 34:1 in PLDδ-KO leaves showed no clear difference compared with those in WS leaves (**Table [2](#T2){ref-type="table"}**). The lipids that are largely synthesized and localized in plastids, PG 34:4, MGDG, and DGDG, were previously shown to be the most abundant in leaves ([@B8]). Plastidic lipids have also been shown to have a direct role in photosynthesis ([@B10]). We also found that the main MGDG species 34:6 and 36:6 significantly decreased at day 3 of ethylene treatment, whereas the level of DGDG 34:6 increased obviously. These results indicated that these head group remodeling of galactolipids might contribute to maintenance of photosynthesis at early stage of leaf senescence. Combining these findings with our results, it is conceivable that the attenuated degradation of plastidic lipids might have contributed to higher photosynthetic activity in PLDδ-KO leaves during ethylene-promoted senescence, and the retardation of ethylene-promoted senescence by the suppression of PLDδ was a consequence of qualitative changes in plastidic lipids.

###### 

Levels of major lipid molecular species in leaves of WS and PLDδ-KO plants during ethylene-promoted senescence.

  Galactolipids major lipids species   Genotypes   Lipids/dry weight (nmol/mg)   RC (%)                                          
  ------------------------------------ ----------- ----------------------------- ------------------- ------------------- ------- -------
  DGDG 34:6                            WS          2.51 ± 0.41^b^                3.36 ± 0.54^a^      1.53 ± 0.59^c^      33.9    -39.0
                                       PLDδ-KO     2.26 ± 0.61^b^                3.29 ± 0.59^a^      1.85 ± 0.97^bc^     45.6    \-
  DGDG 34:5                            WS          0.36 ± 0.07^a^                0.13 ± 0.04^b^      0.04 ± 0.02^c^      -63.9   -88.9
                                       PLDδ-KO     0.29 ± 0.07^a^                0.15 ± 0.03^b^      0.07 ± 0.04^c^      -48.3   -75.9
  DGDG 34:3                            WS          6.47 ± 1.10^a^                5.67 ± 2.35^a^      2.41 ± 1.07^b^      \-      -62.8
                                       PLDδ-KO     6.80 ± 1.14^a^                7.75 ± 3.67^a^      3.15 ± 1.42^b^      \-      -53.7
  DGDG 34:2                            WS          0.53 ± 0.05^a^                0.44 ± 0.23^a^      0.18 ± 0.07^b^      \-      -66.0
                                       PLDδ-KO     0.54 ± 0.16^a^                0.65 ± 0.47ˆab      0.22 ± 0.09^b^      \-      -59.3
  DGDG 36:6                            WS          19.98 ± 3.17^a^               23.60 ± 8.68^a^     10.87 ± 2.42^c^     \-      -45.6
                                       PLDδ-KO     20.26 ± 6.08ˆab               25.52 ± 5.63^a^     16.96 ± 5.05^b^     \-      \-
  DGDG 36:5                            WS          0.63 ± 0.11^a^                1.06 ± 0.50^a^      0.56 ± 0.17^a^      \-      \-
                                       PLDδ-KO     0.53 ± 0.17^a^                1.14 ± 0.60^a^      0.60 ± 0.21^a^      \-      \-
  MGDG 34:6                            WS          218.94 ± 43.22^a^             139.36 ± 46.31^b^   68.55 ± 14.48^d^    -36.4   -68.7
                                       PLDδ-KO     207.77 ± 52.62^a^             161.64 ± 33.84^b^   90.66 ± 11.24^c^    -22.2   -56.4
  MGDG 34:5                            WS          7.89 ± 1.50^a^                1.92 ± 0.86^c^      0.26 ± 0.09^e^      -75.7   -96.7
                                       PLDδ-KO     6.76 ± 2.15^a^                2.51 ± 1.19^b^      0.66 ± 0.05^d^      -62.9   -90.2
  MGDG 34:4                            WS          2.91 ± 0.65^a^                1.24 ± 0.48^b^      0.22 ± 0.09^c^      -57.4   -92.4
                                       PLDδ-KO     2.90 ± 0.87^a^                1.49 ± 0.62^b^      0.47 ± 0.27^c^      -48.6   -83.8
  MGDG 34:3                            WS          1.69 ± 0.34^a^                1.64 ± 0.71^a^      0.62 ± 0.27^b^      \-      -63.3
                                       PLDδ-KO     1.86 ± 0.66^a^                1.93 ± 0.80^a^      1.36 ± 0.75^ab^     \-      \-
  MGDG 34:2                            WS          0.33 ± 0.08^a^                0.22 ± 0.09^a^      0.54 ± 0.38^a^      \-      \-
                                       PLDδ-KO     0.34 ± 0.11^a^                0.25 ± 0.12ˆab      0.13 ± 0.07^b^      \-      -61.8
  MGDG 36:6                            WS          22.74 ± 2.93^a^               15.79 ± 5.58^bc^    5.48 ± 2.33^d^      -30.6   -75.9
                                       PLDδ-KO     23.15 ± 6.14^a^               17.90 ± 6.00^ab^    9.30 ± 2.69^c^      \-      -59.8
  MGDG 36:5                            WS          0.68 ± 0.19^b^                1.28 ± 0.51^a^      0.43 ± 0.15^c^      88.2    -36.8
                                       PLDδ-KO     0.60 ± 0.17^b^                1.31 ± 0.48^a^      0.77 ± 0.44ˆab^c^   118.3   \-
  MGDG 36:4                            WS          0.42 ± 0.06^a^                0.35 ± 0.15^a^      0.11 ± 0.04^b^      \-      -73.8
                                       PLDδ-KO     0.44 ± 0.13^a^                0.41 ± 0.18^a^      0.20 ± 0.09^b^      \-      -54.6

The RC in the levels of lipids from days 0 to 3 and day 5 is the percentage value for the significant difference between the values at day 0 and days 3 and 5 over the value at day 0. Values in the same lipid molecular species with different letters are significantly different (p \< 0.05). Values are means ± SD (n = 5).

Changes in the Composition of Lipid Classes during Ethylene-promoted Senescence
-------------------------------------------------------------------------------

For the analysis of the relative contents of membrane lipids, for which the data are expressed as mol% lipids, we found that the most important changes concerned the two galactolipids in WS plants after ethylene treatment for 5 days. The MGDG percentage decreased from 77.55% (NS) to 63.70% (leaves treated with ethylene for 5 days). In contrast, the DGDG percentage increased from 9.70% (NS) to 14.22% (leaves treated with ethylene for 5 days). The PG percentage showed a slight decrease in WS plants. In addition, the relative percentages of the non-chloroplastic PE, PC, PI, and PS, which are mainly located in the membranes of non-photosynthetic organelles such as the plasma membrane, endoplasmic reticulum, and mitochondria ([@B32]), increased during senescence, in keeping with the preferential destruction of chloroplast membranes. The ratio of galactolipids/phospholipids decreased from 11.02 to 5.41, which represent a decrease of 50.9% (**Table [4](#T4){ref-type="table"}**). This decrease might have resulted from the degradation of 67.4% of the MGDG, which initially constituted 77.6% of total lipids (**Tables [1](#T1){ref-type="table"}** and **[4](#T4){ref-type="table"}**). The ratio of DGDG/MGDG increased in both WS and PLDδ-KO leaves during ethylene-promoted senescence. The relative content of MGDG was clearly higher in PLDδ-KO plants than in WS plants, whereas the relative content of DGDG in PLDδ-KO plants resembled that in WS plants, which resulted in the ratio of DGDG/MGDG in PLDδ-KO detached leaves being significantly lower than that in WS plants after ethylene treatment for 5 days, namely, 0.19 and 0.22, respectively (**Table [4](#T4){ref-type="table"}**). The higher relative content of MGDG in PLDδ-KO leaves might have contributed to stabilizing the ultrastructure, fluidity and permeability of the chloroplast membrane, which resulted in higher photosynthetic activity.

###### 

Leaf membrane lipid composition in each head-group class and lipid ratio in WS and PLDδ-KO plants during ethylene-promoted senescence.

  Lipid class                   Genotype   Lipid (mol% of total lipid)                       
  ----------------------------- ---------- ----------------------------- ------------------- ------------------
  PG                            WS         3.92 ± 0.16^ab^               3.12 ± 0.72^c^      2.78 ± 0.28^c^
                                PLDδ-KO    4.23 ± 0.33^a^                3.48 ± 0.82^bc^     3.15 ± 0.32^c^
  PI                            WS         0.78 ± 0.11^c^                1.13 ± 0.09^b^      2.03 ± 0.46^a^
                                PLDδ-KO    0.82 ± 0.09^c^                1.23 ± 0.35ˆab      1.50 ± 0.38^a^
  PS                            WS         0.11 ± 0.02^b^                0.04 ± 0.02^c^      0.38 ± 0.13^a^
                                PLDδ-KO    0.10 ± 0.05^b^                0.21 ± 0.24ˆab^c^   0.26 ± 0.01^a^
  PA                            WS         0.02 ± 0.01^b^                0.04 ± 0.02^b^      0.07 ± 0.02^a^
                                PLDδ-KO    0.03 ± 0.01^b^                0.03 ± 0.01^b^      0.03 ± 0.01^b^
  PC                            WS         4.92 ± 0.55^bc^               7.30 ± 2.74^ab^     9.72 ± 1.70^a^
                                PLDδ-KO    4.78 ± 0.42^c^                5.37 ± 0.91^b^      8.12 ± 1.79^a^
  PE                            WS         3.04 ± 0.32^a^                3.45 ± 0.23^a^      4.27 ± 1.14^a^
                                PLDδ-KO    2.88 ± 0.26^a^                2.68 ± 0.54^a^      3.77 ± 1.10^a^
  MGDG                          WS         77.55 ± 1.22^a^               70.01 ± 1.86^c^     63.70 ± 3.48^d^
                                PLDδ-KO    77.39 ± 1.66^a^               72.87 ± 1.40^b^     69.71 ± 3.18^bc^
  DGDG                          WS         9.70 ± 0.54^b^                13.86 ± 1.45^a^     14.22 ± 1.67^a^
                                PLDδ-KO    10.08 ± 0.52^b^               15.36 ± 2.11^a^     13.41 ± 0.79^a^
                                                                                             
                                           **Lipid ratio**                                   
                                                                                             
  PC/PE                         WS         1.61 ± 0.07^c^                2.11 ± 0.12^b^      1.73 ± 0.14^c^
                                PLDδ-KO    1.66 ± 0.04^c^                2.24 ± 0.37^ab^     2.39 ± 0.18^a^
  DGDG/MGDG                     WS         0.13 ± 0.01^c^                0.20 ± 0.03^ab^     0.22 ± 0.01^a^
                                PLDδ-KO    0.13 ± 0.01^c^                0.21 ± 0.03^ab^     0.19 ± 0.01^b^
  Galactolipids/Phospholipids   WS         11.02 ± 1.21^a^               9.50 ± 0.71^b^      5.41 ± 1.60^c^
                                PLDδ-KO    11.24 ± 0.94^a^               9.41 ± 1.12^b^      6.64 ± 1.24^c^

Values in the same lipid molecular species with different letters are significantly different (p \< 0.05). Values are means ± SD (n = 5).

The Lower Relative Content of PA and Higher Ratio of PC/PE Might Contribute to the Retardation of Ethylene-promoted Senescence in PLDδ-KO Plant Leaves
------------------------------------------------------------------------------------------------------------------------------------------------------

To investigate how PLDδ functions in ethylene-promoted senescence, we analyzed the changes in the absolute level and relative content of PA under ethylene treatment in the two genotypes plants leaves. During ethylene-promoted senescence, no significant changes were detected in absolute levels of PA in either WS or PLDδ-KO plants. Upon analysis of the relative content of membrane lipids, we found that the relative content of PA increased 3.5-fold (from 0.02 to 0.07%) in WS plants, but remained unchanged in PLDδ-KO plants, which resulted in the relative content of PA in WS being much higher than that in PLDδ-KO plants after ethylene treatment for 5 days, especially for the molecular species PA 34:3, 36:3, and 36:6 (**Tables [1](#T1){ref-type="table"}** and **[3](#T3){ref-type="table"}**; **Figure [3](#F3){ref-type="fig"}**). PA is a non-bilayer lipid and a potent promoter of the formation of the hexagonal phase and destabilization of the plasma membrane. For further assessment of the cell membrane stabilization of *Arabidopsis* during ethylene-promoted senescence, we calculated the PC/PE ratio in this process. This ratio in WS plants increased from 1.61 (NS) to 2.11 (leaves treated with ethylene for 3 days), and then decreased to the initial level of 1.73 (leaves treated with ethylene for 5 days). The PC/PE ratio in PLDδ-KO leaves increased constantly in the course of ethylene-promoted senescence, from 1.66 (NS) to 2.39 (leaves treated with ethylene for 5 days). In addition, the ratio of PC/PE in PLDδ-KO detached leaves was much higher than that in WS leaves after ethylene treatment for 5 days, namely, 2.39 and 1.73, respectively (**Table [4](#T4){ref-type="table"}**). Our results indicate that the increase in the relative content of PA promoted destabilization of the plasma membrane; this may have led to the loss of membrane integrity and functions of membrane-associated proteins, thereby promoting senescence. Therefore, a reduction in the relative content of PA in PLDδ-KO leaves may have accounted for the higher ratio of PC/PE, which may have helped to maintain plasma membrane integrity and normal membrane protein function that eventually resulted in the retardation of ethylene-promoted senescence.

![**Changes in the molecular species of PA in WS and PLDδ-KO plants during ethylene-promoted senescence.** "^∗^" indicates that the value is significantly different from that of the WS under the same conditions (*p* \< 0.05). Values are means ± SD (*n* = 4 or 5).](fpls-06-01045-g003){#F3}

Discussion
==========

The senescence process takes place in a highly regulated manner and the cell constituents are dismantled via an ordered progression. Senescence affects both the plasma membrane and the intracellular membranes, which results in the loss of ionic and metabolite gradients that are essential for normal cell function ([@B12]; [@B34]; [@B18]; [@B19]). With respect to organelle membranes, degradation occurs first at the plastidic membrane and last at the plasma membrane ([@B38]). Many reports have indicated that ethylene accelerated the onset of membrane leakiness and phospholipid deterioration in leaves and petals ([@B33]; [@B4]). Our observations suggested that most membrane glycerolipids were degraded upon ethylene treatment, except for PS and PA, which were maintained unchanged, with the most extensive degradation occurring for MGDG, which plays a fundamental role in electron transfer between the antennae and cores of the photosystems ([@B31]; **Table [1](#T1){ref-type="table"}**). With regard to the other plastidic lipids (DGDG and PG 34:4), ethylene treatment also caused noteworthy decreases in their levels. We also verified that the degradation of extraplastidic lipids was later to plastidic lipids, and the degradation of plastidic lipids paralleled a loss in photosynthetic activity and chlorophyll degradation, which is the first visible symptom of senescence. By the time leaf yellowing could be seen, extraplastidic lipid degradation had occurred. For example, the level of the main plastidic lipid MGDG declined by 25.4% when the chlorophyll content decreased to 69.8% of its initial level; extraplastidic lipids decreased until as the chlorophyll content decreased to 40.1% of its initial level in WS leaves after ethylene treatment for 5 days (**Tables [1--3](#T1){ref-type="table"}** and **Figure [1](#F1){ref-type="fig"}**). Additionally, the degradation of lipids, in particular plastidic lipids, was accelerated during ABA-promoted senescence, and the degradation of plastidic lipids was earlier than extraplastidic lipids ([@B19]). Combined with the physiological observations, these results showed that degradation in levels of plastidic and extraplastidic lipids were correlated with the degree of leaf senescence during ABA- or ethylene-promoted senescence. One thing should be mentioned: given the drastic global lipid changes, the degradation of MGDG, PC, PE etc, we ignored the effects of PC in outer leaflet of chloroplast membranes and DGDG in the extraplastidic membranes on the concentration of plastidic lipids due to their small amount.

Both PC and DGDG have relatively large head groups, and tend to form a bilayer lipid phase. By contrast, PE and MGDG have small head groups involved in the formation of a non-bilayer lipid phase ([@B10]; [@B39]). Adjustment of the molar PC/PE and DGDG/MGDG ratios is one of the most important approaches used by plants to respond to stress. The molar ratio of PC/PE tends to increase in plants under cold or hydration stress ([@B17]; [@B39]). The DGDG/MGDG ratio increased significantly in salt-stressed jojoba leaves ([@B2]) and in *Duboisia* leaves with reference to aging and senescence ([@B26]). Earlier studies revealed that ethylene can facilitate both chemical and physical changes in the membrane lipids of senescing tissues, which presumably lead to the loss of intracellular compartmentalisation ([@B33]; [@B36]). During ethylene-promoted senescence, the PC/PE ratio increased (at day 3) and then decreased to its initial level (at day 5) in WS leaves, which indicated that the increase of the PC/PE ratio in early senescence stage might facilitate the maintenance of plasma membrane stability and function, and the decrease of the PC/PE ratio in late senescence stage might indicate cell membrane disintegration. Upon analysis of the relative contents of the two kinds of galactolipid, we found that the level of MGDG decreased, while that of DGDG increased, over the course of ethylene treatment, leading to an increase in the DGDG/MGDG ratio in both WS and PLDδ-KO plants (**Table [4](#T4){ref-type="table"}**). This increase in the DGDG/MGDG ratio might help to maintain the chloroplast membrane in the bilayer conformation necessary for its biological functions, such as protein transport ([@B5]) and photosystem activities, during leaf senescence ([@B10]).

During senescence, the bulk of membrane phospholipids (i.e., PE, PC) were consumed by PLD, generating copious amounts of PA ([@B27]; [@B28]). PA can be further metabolized by PA phosphatase into diacylglycerol, a known activator of protein kinase C and a proposed enhancer of flower senescence ([@B4]). PA was also shown to be a major intermediate during lipid metabolism, with both lipid degradation and lipid synthesis being regulated by the size of the PA pool ([@B21]). PA is a non-bilayer lipid and a potent promoter of the formation of the hexagonal phase ([@B27]). Suppression of PLDα1 and PLDδ partly blocks the formation of PA, and thus reduces lipid degradation, which may prolong membrane integrity and eventually retard ABA-promoted senescence ([@B12]; [@B19]). In the present study, the retardation of the senescence in PLDδ-KO leaves during ethylene treatment was indicated by delayed leaf yellowing, a higher level of chlorophyll, greater photosynthetic activity and a lower rate of cell death compared with those in WS leaves. PLDδ cleaves major membrane phospholipids, such as PE, PC, and PG, into PA and a free head group ([@B11]). However, no significant differences in the substrate and product of the two-step transphosphatidylation reaction were detected between WS and PLDδ-KO plants during ethylene-promoted senescence, which indicated that the retardation of senescence by the suppression of PLDδ might not be related to the role of PLDδ in enzyme-catalyzed phospholipid hydrolysis.

Leaf senescence is accompanied by an early degradation of the cortical MT cytoskeleton in *Arabidopsis*, and the disruption of the MT network is affected by either repression or induction of microtubule-associated proteins (MAP; [@B20]). As a MAP in *Arabidopsis*, PLDδ acts as a bridge between the plasma membrane and MTs can thus convey external hormonal and environmental signal from plasma membrane to MT ([@B13]). It is possible that without PLDδ assistance, the signal of senescence through MT is blocked and therefore ethylene-promoted senescence is delayed in PLDδ-KO leaves.

Conclusion
==========

In this study, we have shown that the suppression of PLDδ effectively retarded ethylene-promoted senescence, indicated by higher chlorophyll content and photosynthetic activity, and a lower cell death rate. The profiles of membrane lipids suggested that the suppression of PLDδ attenuates plastidic lipid (PG 34:4, MGDG and DGDG) metabolism, while having no direct effect on the degradation of extraplastidic lipids. No obvious increase in product and decrease in substrate of the PLDδ-catalyzed phospholipid hydrolysis were detected, which indicated that the retardation of ethylene-promoted senescence in PLDδ-KO plants might not be related to the direct role of PLDδ in catalyzing phospholipids, and higher plastidic lipid (PG 34:4, MGDG and DGDG) content and PC/PE ratio in PLDδ-KO plants might contribute to maintenance of membrane integrity and function, and then help to retard senescence.
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